Fever is considered an important host defense response but requires significant metabolic energy. During winter many animals must balance immune function with competing physiological demands (i.e. thermoregulation) to survive. Winterlike patterns of melatonin secretion induce a number of energy-saving adaptations. For instance, Siberian hamsters attenuate the duration of fever during simulated short winter day lengths, presumably to conserve energy. To determine the proximate role of melatonin in mediating this photoperiodic response, hamsters housed in long days were injected with saline or melatonin 4 h before lights off for either 1 or 6 wk and assessed for fever following injections of bacterial lipopolysaccharide. Fever duration was attenuated (32%) only in hamsters that decreased body mass, increased cortisol, and exhibited gonadal regression in response to 6 wk of melatonin. Because melatonin-treated hamsters lost significant body mass, fever was assessed in a second long-day group following ad libitum food intake, food restriction, or 24-h food deprivation. Food restriction sufficient to reduce body mass by approximately 25%, but not to reduce leptin, did not influence fever, and 24-h food deprivation virtually abolished fever. Our data suggest that long-term exposure to long-duration melatonin signals is required to induce the physiological changes necessary for short-day immune responses, perhaps involving interactions with hormones such as cortisol and leptin. (Endocrinology 143: 2527-2533, 2002)
A CTIVATION OF THE immune system with bacterial lipopolysaccharide (LPS) or the onset of infection results in a stereotypical repertoire of physiological and behavioral responses (1) . These responses are ubiquitous among vertebrates and include fever, iron withholding, increased slow-wave sleep, decreased food and water intake, and reduced social interactions (2) . Fever is universal among infected animals and reflects a coordinated endocrine, autonomic, and, at times, behavioral response initiated and maintained by the host via endogenous proinflammatory cytokines [e.g. IL-1 (3, 4) ]. Rather than being a nonspecific manifestation of illness, fever yields many physiological benefits and is often critical for survival. Most microbial organisms survive and reproduce poorly at elevated temperatures (5) , and mammals administered antipyrogenic substances suffer increased mortality from infection (6) .
Despite its importance in overcoming infection, mounting an immune response is energetically costly (7) (8) (9) . Fever, in particular, entails large metabolic costs; the total increase in metabolism required for each degree Celsius rise in body temperature is estimated to be 10 -13% (5) . Animals have evolved to maintain a balanced energetic budget. Energy directed toward immune function must be balanced against competing activities such as reproduction, growth, thermoregulation, and cellular maintenance (8) . Insufficient food intake generally depresses immune function (9, 10) . Mice that are subjected to glucoprivation oxidative stress, which prevents cellular utilization of glucose, are unable to mount normal antibody responses and reduce splenocyte proliferation to a mitogen (8) . Similarly, bumblebees (Bombus terrestris) down-regulate immune responses during starvation and allocate energy instead to cardiac and cerebral metabolism, processes vital for immediate survival. Bees that are forced to mount an immune response during starvation suffer increased mortality (9) .
Each year a predictable energy shortage arrives during winter when food availability tends to be low and thermoregulatory demands increase. In common with most small mammals, Siberian hamsters cease breeding to conserve energy during the short days of winter. Day length is transduced into a physiological signal by the duration of the nightly secretion of melatonin from the pineal gland (11) . Consequently, animals housed in short, winterlike days experience longer nights and longer durations of melatonin than animals housed in long, summerlike days. Hamsters also undergo significant reductions of white adipose tissue and body mass (ϳ25%) during the winter or when housed in short days in the laboratory, despite ad libitum (ad lib) access to food and mild temperatures (12, 13) . This strategy presumably evolved because maintenance of a smaller body size throughout winter requires less food and increases thermogenic potential, resulting in daily energetic savings (14) .
Seasonal adjustments in immune function may also be critical for winter survival (15) . We hypothesized that the onset and expression of fever, because of its highly regulated nature (3), should be plastic according to metabolic demands. We have shown that short days attenuate the acute phase response to LPS in Siberian hamsters by decreasing the production of proinflammatory cytokines and diminishing the durations of fever and anorexia (16) . Hamsters appear to use day-length information to orchestrate the response to infection before the onset of challenging environmental conditions. Thus, alterations in energetically costly immune responses during short days may be organized changes in Abbreviations: ad lib, Ad libitum; EWAT, epididymal white adipose tissue; LD, long day; LPS, lipopolysaccharide; MEL, melatonin; SAL, saline.
physiology that are mediated via exposure to long-duration melatonin signals. However, because hamsters lose significant body mass during short days, it remains unspecified whether decreases in fever duration simply reflect insufficient metabolic reserves, independent of melatonin. To address this issue, hamsters housed in long days were injected with saline (SAL) or melatonin (MEL) 4 h before lights off for either 1 or 6 wk and assessed for fever following injections of LPS. Six weeks, but not 1 wk, is sufficient time to induce short-day typical gonadal regression and body mass loss (25%). Because melatonin-treated hamsters lost significant body mass, fever was assessed in a second long-day group following ad lib food intake, food restriction, or 24-h food deprivation.
Materials and Methods Animals
Adult (4 -5 months of age) male Siberian hamsters (Phodopus sungorus) from our breeding colony were used in this study. All research was conducted with the approval of The Ohio State University Institutional Animal Care and Use Committee, and the treatment of animal subjects was in accordance with the ethical and humane treatment standards of the NIH. All hamsters were individually housed in polypropylene cages (27.8 ϫ 7.5 ϫ 13 cm) in a long-day (LD) photoperiod colony room with a reverse 15:9 light/dark cycle (lights on at 2400 h). Animals were housed with constant temperature and humidity of 21 Ϯ 4 C and 50 Ϯ 10%, respectively, and had constant access to food unless otherwise noted (Harlan Teklad 8640 rodent diet, Indianapolis, IN) and filtered tap water.
Surgical procedures
Hamsters were implanted ip with radiotelemetric transmitters (MiniMitter, Sunriver, OR) under sodium pentobarbital anesthesia and allowed to recover for 5 d before subsequent procedures. Cages were placed on TR-3000 receiver boards and connected to DP-24 DataPorts (Mini-Mitter) and a personal computer. Emitted temperature frequencies were collected in 10-min intervals (bins) and were converted to temperature scores by interpolating from programmed calibration curves of individual transmitters. Activity was recorded (10-min bins) as any change in the signal strength from a transmitter and interpreted by the DataPort as an indication that the transmitter moved.
Experiment 1
Melatonin injections. Thirty-two implanted hamsters were randomly assigned to one of four experimental conditions: 1) eight hamsters received daily sc injections of 0.1 ml 1% ethanol-saline containing 25 g melatonin (Sigma, St. Louis, MO), according to the protocol of Puchalski and Lynch (17) , at 1100 h (4 h before lights off) for 6 wk; 2) eight hamsters received daily sc injections of ethanol-saline vehicle at 1100 h for 6 wk; 3) eight hamsters received daily sc injections of 25 g melatonin at 1100 h for 1 wk; or 4) eight hamsters received daily sc injections of vehicle for 1 wk.
Fever assessment. After 1 or 6 wk, all hamsters in each group were lightly anesthetized under isoflurane vapors (Abbott Laboratories, Chicago, IL) at 0900 h, weighed, and had blood (0.25 ml) drawn from the retroorbital sinus into heparinized tubes. Handling was kept consistent and to a minimum (Ͻ2 min) and animals were immediately returned to their cages at which time they received their standard injection (SAL or MEL). Blood samples were centrifuged at 3500 rpm for 30 min at 4 C. The supernatant was removed and plasma aliquots frozen at Ϫ70 C until assayed for testosterone and cortisol, the primary glucocorticoid in this species (18) , by RIA (described below). Hamsters then received a 0.1-ml ip injection of 25 g LPS (Sigma) suspended in sterile saline just before lights off (1500 h). Activity and body temperature were assessed for the next 18 h. One-and 6-wk groups were run separately. Three naive implanted hamsters received a 0.1-ml ip injection of saline with each group; these animals served as saline-injected controls for the purpose of comparison during fever monitoring.
Control procedures. Daily injections may be stressful, and chronically elevated cortisol concentrations could alter the interpretation of our results or the onset of fever; thus, 12 previously unmanipulated hamsters were assigned to one of two conditions: six hamsters received daily sc injections of sterile saline at 1100 h for 6 wk, or six hamsters were gently handled daily for 6 wk. At 1 and 6 wk, all animals were lightly anesthetized under isoflurane vapors at 0900 h and blood (0.25 ml) was drawn from the retroorbital sinus into heparinized tubes. Samples were centrifuged, frozen, and later assayed for cortisol concentrations by RIA.
Experiment 2
Food restriction. Twenty-seven additional implanted hamsters were assigned to one of three groups: 1) nine hamsters were allowed ad lib access to food and water throughout the experiment, 2) nine hamsters were food deprived for 24 h immediately before subsequent procedures, or 3) nine hamsters were gradually food restricted to 75% of ad lib intake over 3 wk until an approximate 25% decrease in body mass was achieved. Baseline ad lib food intake was measured for 15 d before group assignment for subsequent comparison.
Fever assessment. Following 24-h food deprivation of group 2, all hamsters were lightly anesthetized with isoflurane vapors at 0900 h, weighed, and a blood sample was taken from the retroorbital sinus. Blood was treated as described in experiment 1 until assayed for cortisol and leptin concentrations by RIA. Handling was kept to a minimum (Ͻ2 min), and the animals were immediately returned to their cages in the colony room. Hamsters then received a 0.1-ml ip injection of 25 g LPS in sterile saline just before lights off. Six additional implanted hamsters received a 0.1-ml ip injection of saline. All animals were allowed ad lib access to food and water at this time, and body temperature was assessed for the next 18 h.
RIA procedures
Plasma cortisol concentrations were determined in a single assay for each experiment using a Diagnostic Products Corp.
125
I double antibody kit (Los Angeles, CA). Plasma testosterone concentrations were determined in a single assay using a 125 I double antibody kit (Diagnostics Systems Laboratories, Inc., Webster, TX). Plasma leptin concentrations were determined in a single assay using the 125 I multispecies leptin kit (Linco Research, Inc., St. Charles, MO). These kits have all been previously validated for use in Siberian hamsters (18 -21) . Recommended procedures for cortisol and testosterone RIAs were followed exactly except that the volumes of all samples, standards, and reagents were reduced by half. Average assay sensitivities for cortisol, testosterone, and leptin were 10.17 ng/ml, 0.31 ng/ml, and 0.5 ng/ml, respectively. The intraassay coefficients of variation were less than 10% in all cases.
Reproductive and lipid measures
Immediately following the conclusion of all procedures in each experiment, animals were euthanized via rapid cervical dislocation. Paired testes (experiments 1 and 2), epididymal white adipose tissue (EWAT), and brown adipose tissue (experiment 2) were removed, cleaned of connective tissue and fat, and weighed by laboratory assistants unaware of the experimental conditions of the animals.
Statistical analyses
All hormone and body mass data for experiment 1 were analyzed between conditions (SAL vs. MEL) within each group (1 wk vs. 6 wk) using two-tailed t tests. Cortisol concentrations were compared between saline-injected and handled control groups using a two-way repeated measures ANOVA (condition ϫ time). Baseline body temperatures and activity for the active and inactive phases of the light cycle were determined for each animal using mean values for the 2 d before LPS. Body temperatures were analyzed for the 16 h following LPS injections across all time points using repeated measures to assess overall amplitude of fever. We defined fever as temperatures significantly (P Ͻ 0.05) higher than active-phase baseline for each 15-min interval using two-tailed t tests. These values were averaged into hours and the total duration (hours) of temperatures above baseline were compared between conditions in each group using two-tailed t tests. Latency to onset of fever was compared using a two-tailed t test. The circadian increase in body temperature (ϳ0.4 C) that occurs 1-2 h before lights out was also analyzed between groups using a two-tailed t test to assess whether SAL vs. MEL animals may increase body temperature according to different circadian timers. Activity (post LPS) was analyzed across each hour by averaging activity counts across 10-min bins and compared with previous baseline between conditions using two-tailed t tests. All data for experiment 2 were analyzed among groups using one-way ANOVAs. Post hoc tests (Tukey's honestly significant difference) were performed to further distinguish among groups, and all tests were considered statistically significant if P was less than 0.05.
Results

Experiment 1
Six-week group. Body mass and paired testes mass were significantly reduced following 6 wk of MEL injections, compared with SAL (P Ͻ 0.001 for both). Cortisol concentrations were significantly higher in MEL than SAL hamsters (P Ͻ 0.03), and testosterone concentrations were undetectable in plasma from MEL-injected hamsters (Fig. 1) . All animals showed a significant increase in body temperature following injections of LPS, compared with baseline, but overall amplitude of fever was significantly reduced in MEL-injected hamsters (P Ͻ 0.001; Fig. 2A ). The duration (hours) of fever (temperatures significantly higher than active baseline) was also significantly reduced in MEL-injected hamsters (P Ͻ 0.01; Fig. 2B ). Baseline body temperatures, latency to onset of fever, and the circadian increase in body temperature did not differ between groups (data not shown), and control hamsters injected with saline (vs. LPS) did not exhibit fever ( Fig.  2A) . Because we were concerned that MEL-injected animals may be entraining to the time point of the daily injection rather than the onset of darkness, we analyzed activity rhythms before and after LPS. Injections caused a very slight increase in activity in all animals; this increase did not differ between groups (P Ͼ 0.05) and quickly returned to baseline until rising again with the onset of darkness (day before LPS). Baseline activity did not differ between groups, and activity was significantly suppressed following injections of LPS, compared with previous baseline in all animals (P Ͻ 0.01; data not shown).
One-week group. Neither body mass nor paired testes mass differed between hamsters receiving SAL or MEL injections for 1 wk (P Ͼ 0.05). Cortisol concentrations were significantly higher in MEL animals than in SAL animals (P Ͻ 0.001), whereas testosterone concentrations did not differ significantly between groups (Fig. 3) . Overall amplitude of fever was significantly lower in MEL-injected hamsters than SALinjected hamsters (P Ͻ 0.02; Fig. 4A ). However, fever duration did not significantly differ between MEL and SAL (P Ͼ 0.05; Fig. 4B ). Baseline body temperatures, latency to onset of fever, and the circadian increase in temperature did not differ between groups (data not shown), and control hamsters injected with saline (vs. LPS) did not display fever (Fig. 4A) . Baseline activity did not differ between groups, and LPS significantly suppressed activity in both groups (P Ͻ 0.05). As in the 6-wk group, activity increased around injections in both conditions but did not differ between conditions (data not shown).
FIG. 1. Mean (Ϯ SEM
body mass (g), paired testes mass (mg), plasma cortisol concentrations (ng/ml), and plasma testosterone concentrations (ng/ml), in hamsters injected with either saline (SAL) (n ϭ 8) or melatonin (MEL) (n ϭ 8) for 6 wk; *, P Ͻ 0.05. 
Control injections.
Plasma cortisol concentrations did not differ between daily saline-injected and daily handled control animals after either 1 wk (69.1 Ϯ 6.7 vs. 82.1 Ϯ 8.6 ng/ml) or 6 wk (67.74 Ϯ 8.6 vs. 75.14 Ϯ 8.85 ng/ml) (P Ͼ 0.05; data not shown).
Experiment 2
Body mass was significantly reduced in food-restricted hamsters (Ϫ26.4%), compared with all other hamsters (P Ͻ 0.001). Body mass was also significantly reduced in hamsters food deprived for 24 h (Ϫ15%), compared with ad lib hamsters (P Ͻ 0.05; Fig. 5 ). Cortisol concentrations were significantly higher in 24-h food-deprived hamsters than ad lib hamsters (P Ͻ 0.05; Fig. 5 ). Leptin concentrations, EWAT, and brown adipose tissue masses did not significantly differ among groups (P Ͼ 0.05), and paired testes masses were significantly lower in food-deprived and food-restricted hamsters, compared with ad lib animals (P Ͻ 0.05; Fig. 5 ). Food deprivation for 24 h almost completely prevented the onset of fever, and significantly reduced fever amplitude and duration, compared with the other groups (P Ͻ 0.03, for both; Fig. 6 ). LPS induced fever in both ad lib and food-restricted hamsters, and amplitude, duration, and latency to onset did not differ between groups. Baseline body temperatures did not significantly differ among groups, and saline injections did not cause fever (P Ͼ 0.05; Fig. 6A ).
Discussion
Our data suggest that long-term exposure to short-day durations of melatonin are required to alter the fever response in Siberian hamsters. In experiment 1, fever duration was significantly reduced only in LD hamsters treated with MEL for 6 wk, compared with SAL-treated hamsters. One week of MEL treatment did not reduce fever duration, whereas fever amplitude was slightly attenuated, compared with SAL. Cortisol concentrations were higher in all MELinjected compared with SAL-injected hamsters. In experiment 2, food restriction sufficient to reduce body mass by approximately 25% did not significantly influence fever, compared with ad lib controls. In contrast, food deprivation for 24 h before LPS elevated cortisol concentrations and almost completely suppressed fever.
Previous research indicated that the duration of fever is reduced in Siberian hamsters housed in short, compared with LDs (16) . Fever is energetically expensive, and because hamsters lose significant body mass during short days, we originally hypothesized that decreased metabolic energy availability may lead to reduced fever. Hamsters treated with MEL for 6 wk exhibited decreased testes mass and body mass comparable with that observed in hamsters housed in short days for 8 -10 wk (12, 14, 16 ). However, low body mass alone does not appear to influence fever expression in LD hamsters. Food restriction resulting in approximately 25% reductions in body mass did not influence fever, compared with ad lib controls. In contrast to food restriction, 24-h food deprivation just before LPS almost completely prevented the fever response and significantly delayed its onset. Though unexpected, this result is not unusual. Although this group of animals lost less body mass than the food-restricted group, complete food deprivation represents an extreme physiolog- ical stressor, much more so than mild food restriction, and often results in immunosuppression (10, 22) . Cortisol concentrations were significantly elevated in 24-h food-deprived animals, compared with ad lib animals, and experimentally stressed animals often do not exhibit fevers in response to LPS (3, 23) . However, high cortisol concentrations do not in themselves appear to suppress fever because all MELinjected hamsters in experiment 1 had increased cortisol without alterations in fever onset.
It was possible that 6-wk MEL-treated hamsters simply entrained their daily activity rhythms to the time of injection at 1100 h rather than to the onset of darkness at 1500 h and thus exhibited reduced fever as an indirect effect of altered activity. However, an analysis of the activity rhythms of MEL-and SAL-treated hamsters in both 1-and 6-wk groups revealed that hamsters restricted activity to the dark phase of the light-dark cycle and that there were no differences in activity between conditions either before or after LPS treatment. Furthermore, the initial onset and amplitude of fever were comparable in all groups, also suggesting that the initiation of an immune response was unaffected by treatment. An additional concern was that the stress of injection itself, either acutely or chronically, may have induced or affected fever; however, control hamsters injected with saline did not exhibit fever, and cortisol concentrations did not differ between SAL-injected and handled control groups at either time point.
Seasonal changes in immune function are widespread (for review see Ref. 15) , and increasing evidence suggests that short-day melatonin signals are required to organize changes within the immune system over time (24, 25) . The role of melatonin as an immunomodulator is well established, and its direct influence on immune tissue has been elucidated for a variety of species (24 -31) . Melatonin attenuates the LPSinduced production of cytokines and prostaglandins in vitro in rats (32, 33) and reduces body temperature in chickens and humans (34, 35) and fever in rats and mice (32, 36) . Pharmacological doses of melatonin prevent the in vivo production of cyclooxygenase-2, a central inflammatory mediator involved in the febrile response, in rats with acute inflammation (37) . In seasonally breeding animals, centrally acting melatonin is crucial for reproductive involution and appears to mediate several energy-saving behaviors (e.g. nest building, food intake, communal huddling) (25) as well as physiological adjustments (e.g. body mass, metabolic rate, gonadal regression) (38, 39) . Our study is the first to suggest that melatonin may organize fever expression in an adaptive and ecologically relevant manner. In agreement with a previous report (40) , immune responses appear to follow a similar FIG. 5 . Mean (Ϯ SEM) body mass (g), cortisol concentrations (ng/ml), leptin concentrations (ng/ml), and reproductive organ and fat masses (mg) in ad lib-fed (Ad Lib; n ϭ 9), 24-h food-deprived (FD; n ϭ 9), and food-restricted (FR; n ϭ 9) hamsters before LPS injections. *, Significantly different from Ad Lib group; #, significantly different from FD group; P Ͻ 0.05. FIG. 6 . A, Mean (Ϯ SEM) body temperature in ad lib-fed (n ϭ 9), 24-h food-deprived (n ϭ 9), and food-restricted (n ϭ 9) hamsters from 0 -16 h post-LPS injections and in control hamsters (n ϭ 6) injected with SAL. The black bar indicates the dark phase of the light:dark cycle. Horizontal dashed and dotted lines represent baseline body temperatures for the inactive and active phases, respectively. B, Mean (Ϯ SEM) number of hours body temperatures from A were significantly higher than active baseline; *, significantly different from other groups; P Ͻ 0.05. time course to changes within the reproductive axis, with several weeks of exposure to a given photoperiod necessary to elicit changes. Interestingly, the attenuation of fever amplitude in 1-wk MEL-treated hamsters may reflect preliminary changes in immune function after 1 wk of exposure. Though not statistically significant, testes mass, body mass, and testosterone concentrations in this group appear to be decreasing as well.
Melatonin likely influences fever expression indirectly via interactions with other hormones and cytokines. Leptin, the protein product of the ob gene, is a pleiotropic hormone produced by adipocytes and is suggested to play a significant role in LPS-induced fever (41) (42) (43) . Obese Zucker rats with mutations of the leptin receptor (fa/fa) exhibit altered thermogenic capacity, and both increased (44) and decreased (45) fever, compared with lean controls have been reported. Leptin concentrations are correlated to reproductive regression and are decreased several-fold during short days in Siberian hamsters (20) . Similarly, gonadal sex steroids exert profound influences on immune function (46, 47) and change dramatically on a seasonal basis in this species. Despite significant decreases in body mass, serum leptin concentrations and EWAT masses did not vary significantly among groups in experiment 2. Testes mass was significantly reduced in foodrestricted, compared with ad lib-fed, animals; however, this decrease was small and is no longer significant if corrected for lower body mass (data not shown). Thus, seasonal decreases in leptin in conjunction with reproductive regression may be an important requirement for short-day typical changes in fever expression.
Melatonin, but not saline, injections increased cortisol concentrations in all hamsters. These results are consistent with elevated cortisol concentrations in short-day, compared with LD, Siberian hamsters (48) . Contrary to the idea that glucocorticoids necessarily suppress immune function, elevated cortisol concentrations are linked to increases in the absolute number of circulating blood leukocytes and faster inflammatory responses in short-day animals (48) . Elevated corticosterone concentrations have also been reported during short days in male prairie voles (Microtus ochrogaster) (49) and white-footed mice (Peromyscus leucopus) (50) and may reflect changes in metabolism. Glucocorticoids mobilize the usage of energy stores throughout the body (51) and may act to allocate appropriate energy stores to immune function. A permissive role for glucocorticoids in the induction of specific immune responses, including fever, has also been described (52) . Because 1 wk of MEL did not reduce fever duration, we suggest that cortisol may play a role in organizing the immune response over several weeks of exposure to short days. Importantly, the ability to mount an immune response (i.e. fever onset) was not affected by MEL in the present study. Similarly, hamsters housed in short days for 10 wk exhibit no differences in fever onset, compared with LD hamsters, but rather decrease the duration of fever (16) . Taken together, these data strongly suggest that short-day animals have sufficient energy to elicit fever but that the immune response may be more efficient in these animals. In contrast, elevated cortisol in response to food deprivation during long days without the immunoprotective effects of melatonin appears to suppress immune function.
In conclusion, fever in Siberian hamsters fluctuates in response to photoperiod (16) , and these changes appear to be organized via melatonin. We suggest melatonin may influence fever via interactions with other hormones such as glucocorticoids, sex steroid hormones, or leptin. The reorganization of energetically costly immune responses throughout the year may enhance survival. Importantly, individual and species variations in the response to infection may represent meaningful, adaptive changes, rather than noxious side effects. A greater understanding of the proximate mechanisms underlying the interaction of environment and the onset of fever may help inform treatment of infection or inflammation.
